PHYSICAL REVIEW E, VOLUME 64, 031708
Surface freezing inn-alkane solutions: The relation to bulk phases
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Surface freezingSF was investigated in tricosane-dodecane alkane solutions as a function of temperature
(T) and molar concentration of tricosane)( using surface tension and synchrotron x-ray surface diffraction
techniques. A crystalline SF monolayer, having a rotd&gr structure, was found to exist for 35 <CT
=<50°C and 0.8< ¢=<1. The extended temperature range allowed to determine the linear-expansion coefficient
of the SF monolayer,dd/dT)/d=6.5x 10 *°C . A simple thermodynamical model based on the theory of
ideal solutions is shown to account well for tihedependence of the SF temperatlité¢). The study shows
that the temperature range of existence of the surface frozen layer atpedlob ¢ range over which SF is
observed, and the bulk solidification behavior, are intimately related. All are determined by the rotator-liquid
dissolution lineTyr(¢).
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[. INTRODUCTION does not allow reaching any phase transitions in the surface-
frozen layer of any pure alkane. Thus, relations between the
Normal alkanes, having the molecular structuresurface and bulk phase diagrams cannot be studied, in spite
H(CH,),H (denoted ¢ in the following, are among the of the strong evidence for an intimate connection between SF
most important building blocks of organic matfdr]. They  and bulk nucleation, provided by our recent bulk homoge-
are linear molecules having a planar zigzag conformatiomeous and heterogeneous nucleation experimiis-28
with a carbon atom at each vertex as their ground state. Thefind other studief29-32. .
properties in the liquid and solid phase have been extensively An efficient way of studying these issues over an ex-
investigated. Their bulk phase diagram reveals a series ¢gnded temperature range is provided by solutions of long-
plastic-crystalline phases intruding between the liquid andh@ins in short-chain alkanes. By varying the molar concen-
crystalline phase. The structure in these phases is lamelldfation ¢ of the long-chain alkane, it is possible to tune the
with a long-range positional order of the molecular Cemer_chem|cal-potent|al_ balance and reach regions in the phase
of-mass, but only short-range order in the angle of rotation ofPace not accessible with the pure material. This is true for
the molecular plane around the long axis of the molecules?oth the bulk and the surface. Indeed, a temperature-or-
Hence their name: rotator phasg-9]. The orthorhombic ~concentration induced phase transition between a rotator and
crystalline phases of alkanes have a herringbone order in tife Crystal phase was found in the SF monolayer of binary
azimuthal angle of rotatiof.0—12. Five rotator phases have alkane mixtureg15]. A recent study of the bulk phase be-
been identified, differing in the in-plane packing symmetryhavior of G3/Cy, mixtures[31] shows a crossover, with de-
and the tilt angle and directiof2,7]. The highest-symmetry ~Creasinge, from a rotator-to-liquid dissolution to a crystal-
rotator phase is thR, phase, which is hexagonally packed, to-liquid dissolution, at temperaturesSyr and Tgx,
with the molecules aligned normal to the lamellar plane. ~ "éspectively. An accompanying transition from a nonsuper-
Alkanes show another peculiar property. In accordancé&00ling to a supercooling bulk behavior was also found. The
with general thermodynamical principles, solids of all mate-lower supercooling temperature was shown to follow an ex-
rials undergo surface melting; their free surfaces melt, irfrapolation of the rotator-liquid dissolution lin&4r, below
general, at a temperature lower than, or equal to that of théhe crossover concentration gf~0.6.
bulk. Surprisingly, alkanes and several of their derivatives TO explore the relation between the bulk and surface
were found a few years ago to undergo an opposite effechase diagrams, we have undertaken a study of the concen-
surfacefreezing(SF) [13—25. Here the surface layer of the tration and the temperature dependence of surface freezing in
melt solidifies at a temperatuf®, higher than that of the C23/Cs2 solutions, using both surface tension and surface-
bulk T¢. In alkanes, the surface-frozen layer is one moleculésPecific synchrotron x-ray techniques. The x-ray measure-
thick, and, for chain lengths ¥n<30, the SF monolayer Ments show that no structural phase transitions occur in the
has a structure identical with that of a sin§lg lamella[13]. ~ Surface-frozen layer over the full temperature (35T
The surface-freezing range\Tsg=T<—T;, is, however, <50°C) and concentration (0=3¢=<1) ranges over which
rather narrow, usuallys 3 °C. Thus, the temperature depen- equilibrium SF exists in these mixtures. However, thls_paper
dence of the SF layer properties can be studied over only @learly demonstrates that the SF existence range at¢ash

very limited range. Moreover, this short temperature rangélominated by the nonlinear variation of the bulk freezing
temperaturel 4, with In(¢). We also show that the vanish-

E— ing of the SF effect is caused by the pre-emption of the
*Corresponding author. Email address: deutsch@mail.biu.ac.il T¢(¢) line by theT g(¢) line. Although these two lines start

1063-651X/2001/648)/03170812)/$20.00 64 031708-1 ©2001 The American Physical Society



SLOUTSKIN, SIROTA, KRAACK, OCKO, AND DEUTSCH PHYSICAL REVIEW B4 031708

out being parallel atp~1, the R, and R, rotator bulk  which water with a fixed temperaturet(.1°C) could be
phases, occurring at temperatures below the uppermost sol@drculated by a Neslab refrigerated bath.
R, rotator phase in & [7], induce an upward curvature to  The surface-normal density profile of the vapor-liquid in-
Tar In(¢)]. By contrast, the absence of such phases at theerface was explored by XR, while the surface-parallel struc-
surface-frozen layer rendefsg[ In(¢)] linear. These different ture was studied by GID and Bragg ré8R) measurements
behaviors lead to an intersection of the two lines at bw [33,34]. The details of the measurements, analysis, and re-
and the vanishing of the SF effect. A simple thermodynamicsults are discussed in Sec. lll.
model, based on the theory of ideal solutions and closely
related to a similar theory, which explains the bulk behavior C. Surface-tension measurements
[31], is shown to account well for thEand ¢ dependence of ) _
T«(¢). The x-ray grazing incidence diffraction results allow  1he ST measurements were carried out using a two-stage,
an accurate determination of the expansion coefficient of thiemperature-controlled sample cell, almost identical to that
surface-frozen layer. of the x-ray measurementsl3,19. The Wilhelmy plate

In Sec. Il we briefly present the experimental techniquegnethod[35] was employed, using an electronic balance and
and procedures, with Sec. lll presenting and discussing the plate made of filter paper to enhance wetting by the alkane
results obtained. sample. Several of the measurements were repeated using
plates made of tantalum foil. The results obtained were in all
cases identical with those obtained with the paper plates,
within the experimental uncertainties. Cooling below ambi-

The surface structure was studied by x-ray reflectivityent was done using a temperature-stabilized water circulator.
(XR) and grazing incidence diffractiofGID). The surface The samples were kept at10°C above the melting tem-
thermodynamics were studied using surface tengi®m) perature for~1 h prior to a measurement run, and multiple
measurements. The experimental methods have already beenoling scans were carried out at each concentratioAs
described in deta{l13,14,16,33 Only a brief summary will  Cy, is slightly hygroscopic, the ST apparatus was kept inside
be given here, concentrating mostly on features peculiar tan enclosure flooded with dry nitrogen throughout the mea-
this study. surements. For comparison, several ST scans were also done
with the apparatus open to air. The differences were found to
be smaller than the error bars of the measurements.

_ ) _ To avoid contamination, the paper plate was changed for

Materials purchased from Fluka, Aldrich, and Sigma, gifferent concentrations, and also for different samples of the
were designated as99% pure, and used as obtained. Theégame concentration. This introduced a small uncertainty in
mixtures were prepared by weighing the required amountg,e measured ST values due to the unavoidable variations in
for a total volume of 0.3 ¢ (ST) or 0.7 cni (x rays, cutting the paper to size. The first few scans measured for a
h’?aF'”g them Welll abovehthe Imeltln_ghtemperatur_e @f'_@mdf fresh sample showed a monotonic change with time, possibly
itlignr?]i\r??r?glcj:fo)ée%ncintggﬁgtesgg Iismvz\/igrneegl(\:/vztlgeltr)a((;:a(aecause of imperfect wetting of the paper plate, and/or in-
into the ST or x-ray cells WitHout alﬁ)owing them toyfreeze omplete settling of the mixg—:-c_j.sample. Sa_turation of this

) L +drift” and complete reproducibility were achieved only af-
prior to the measurement run, to minimize the danger Ofter several scans. The results discussed below were derived
demixing and phase separation. . ' ; .

in all cases from the later scans which were reproducible,
and showed no variation with time.

The ST was measured in discrete temperature steps, stay-

The x-ray measurements were carried out at the Harvardhg at each step for 30s. This yields an effective scan rate of
BNL liquid surface diffractometer at the beamline X22B, 10" 3°C/s. For each temperature step, an average of 20 mea-
National Synchrotron Light Source, Brookhaven Nationalsurements was taken within a period of 30 s. In addition to
Laboratory, using x rays of wavelength 1.57 A. Teel g  the cooling scans, bidirectional cooling-heating scans were
liguid sample was poured amta 5 cmdiam thin copper also carried out for several samples, taking care to reverse
wafer, yielding a 0.5 mm deep puddle covering the waferthe direction just before bulk freezing is reached, to avoid
The wafer sat inside a two-stage oven. The temperature gfossible demixing. These scans show the results to be inde-
the inner cell of the oven was controlled electronically topendent of the scanning direction. Also, as found in pure
=<0.005°C. The outer, passive, enclosure had Kapton winmaterials, no hyteresis is detected in the surface-freezing
dows. The inner, temperature-controlled, thin walled cell wagemperature$13].
machined from solid beryllium, with top and bottom copper
flanges carrying the thin-film heaters and thermistors used lll. RESULTS AND DISCUSSION
for controlling the temperature. Since the free volume of the
cell was very small and the cell was sealed throughout the
measurements, water adsorption by the slightly hygroscopic Typical ST scangy(T) for different molar concentrations
C,» was negligible. The inner cell could be cooled below ¢ are shown in Fig. 1. The most outstanding feature of these
ambient by a heat exchanger attached to its bottom, througturves is the slope change, upon cooling, from a negative to

II. EXPERIMENT

A. Samples

B. X-ray measurements

A. Surface-tension measurements
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NN tion on the surface excess entrogly/dT=—(Ss—Sp),

#T Cys (0):C 1 (1-0) P e which is a direct measure of the ordering of the molecules on
I T the surface. For ordinary liquid surfaces, the molecules on
27k /2 b . the surfaces are less constrained than those in the bulk and

""""""" ‘ thus S;>S,, yielding dy/dT<0. Indeed, a negative tem-
] perature slope has been observed+f¢T) of all simple lig-
uid surfaces. Upon surface freezing, howevgy, of the
(solid) surface becomes smaller th8p of the (liquid) bulk,
and the slope changes sigdy/dT>0. The temperature
range of existence of the surface-frozen lay®m =T,
— Ty, is terminated at the bulk freezing temperatiire As
can be observed in Fig. 3 Tge is constant at~3 °C for
A oy dilutions ¢>0.6. At lower concentrationg)<<0.6, a fast re-
3 2 -1 0 1 2 3 4 duction inATgg with ¢ is observed, untihTgg, and the SF
T-T, (K effect vanish forp<0.34 . The abrupt slope change#T)
at T, for ¢>0.6 suggests that the freezing of the surface

FIG. 1. Surface-tension cooling scans for thg €ncentrations : - o . .
. . . monolayer is a first-order transition. No significant hysteresis
listed. The three lowest concentrations are downshifted by 2 mN/m y 9 Y

for clarity. Note the sharp break in the curvesTat the surface- or any near‘tranSItlon effects were observed i 0.6.
freezing onset temperature. The curves end at the bulk freezin hese properties are.the. Same as t.hose of pure alkaBps
temperaturd, . The existence rang&Ter=T,— T is observed to pon a careful examlnatlon_ of the figure, at smaller concen-
be roughly constant at 2.5—3 °C fgr>0.6, and diminishes linearly rations (0.4<¢=0.6) a region of a lower slope can be ob-
with decreasingp for ¢<0.6. Since the measurement errors in the S€rved just below's for ~1°C. This region is well defined

24 -

absolute surface-tension values are no better thanmN/m, all  in the first ST scans for a given sample. In |aFer scans it tends
curves were shifted by small amounts to have their surface-tensiolp shrink, while the larger-slope, lowdr-region expands.
values afT, coincide. Thus, after several scans, the different slope region b&lpw

can hardly be distinguished. Since no evidence for a different
a positive value as the surface-frozen layer is formed astructure was found in these two regions in the x-ray mea-
T=T,. The surface tension is a direct measure of the surfacgurementgsee below; and the first few scans vary consid-

excess free enerd5s: erably as discussed above, in the following we consider only
the single-slope picture, which emerges in the later scans of
YT =es—ep=T(S—S), (1) every series of ST measurements on a given sample. The

transition temperatures and entropy changes derived from the
whereeg andey, are the energies arfel andS,,, the entro- measuredy(T) curves are summarized in Table I.
pies per unit area of the surface and the bulk, respectively. Figure 2 shows the surface and bulk phase diagram, i.e.,
The temperature derivative of surface tension yields informathe T, and T; values obtained from the ST measurements,

TABLE I. Experimental results obtained in the surface-tension measurements for the diffgse@t,C
alkane mixtures.¢ is the bulk mole fraction of &, and T, and T; are the surface and bulk freezing
temperatures, respectivelyS is the entropy change upon surface freezing, as obtained from the slopes of the
surface tension vs temperature curve above and b&lowSurface freezing vanishes @t=0.34.

¢ T T AS

S
Mole fraction (°C) (°C) [mJ/(n? K)]

1.0 47.6 50.2 1.73
0.91 46.4 49.1 1.65
0.82 447 47.1 1.59
0.75 43.0 45.9 1.45
0.68 41.5 44.5 1.26
0.61 39.6 42.4 1.36
0.58 39.2 40.9 1.7
0.55 38.6 40.8 1.5
0.52 38.0 39.6 1.69
0.49 375 38.9 1.48
0.44 36.2 375 1.15
0.41 35.1 36.7 1.53
0.39 35.1 35.5 0.5
0.34 34.1
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FIG. 2. The(temperature, concentratipphase diagram of the 30F (b) 3
C,3:Cy, mixtures.T; andT; are those obtained from the present ST F E
measurementd.yr and T4 are the dissolution temperatures of the 25 3 E
rotator and the crystalline bulk solids, measured using adiabatic 20 F p— 3
calorimetry(Cal) by Sirota[31]. The surface frozen phase vanishes 6 - f —o— AT (ST) ]
at $=0.34. The lines are guides to the eye. ~ 15k /} o ATXR) [ 4
> of \ —o—5T(Cal) | 3
superimposed on the bulk freezingg) and melting Tqx) “E E
temperatures measured by adiabatic caloriméttfgnoted 05 . 3
“cal” in the figure) by one of us(E.B.S) [31]. Tyx andTyr : / ]
e N . . 0.0 r o—o ——— g——0 {u} o ]
were shown to correspond to the equilibrium crystal-liquid, E . . . L . L |3

and rotator-liquid dissolution temperatures, respectively. In-
deed, Fig. 2 shows that our measufigdfollow Ty, within

the experimental scatter, down i¥~0.42, but increases ¢
above Tyr at the lowest concentrations. Heterogeneous ,
nucleation by the very existence of a Wilhelmi plate may be, F'C: 3 (@ The entropy changds, upon surface freezing as
responsible for this higheF-nucleation of the bulk, as com- derived from the slope difference in the surface-tension cu(ivigs

o . 1). ASis constant over the full range measured, indicating the sur-
pared to the adibatic calorimetry results. The lower temperaz . ver to be a pure ¢ monolayer.(b) The temperature exis-
tures and the higher bulk undercooling8TE Tyx— T4R) y pure2 yer P

der the | o\ h tence rang\ Tg=Ts— T, of the surface-frozen layer as derived
may rerj er the QWﬁ range mor.e Serjsmve to eterogeneousfrom ST measurements and x-régcans. The temperature range of
nucleation by this effect. The identical results obtained forundercoonng ST, obtained from adiabatic calorimetriCal) by
paper and tantalum plates, as discussed above, indicate thgfqia[31] is also shown. Note that bothTr and 8T show a

the filter paper is neither a more nor a less efficient nucleatogreak atp~0.6, the bulk crossover point from liquid-to-rotator to
than the metal. Another possible cause for the reduced supejquid-to-crystal transitions.

cooling observed at low in our measurements with respect )

to those of Sirotd31] could be small temperature gradients Phase. The effect is, however, small and may take the form
inside the cell. While those gradients are small enough to b@f @n increased disorder at grain boundaries, larger defect
totally insignificant in determining the temperature, they mayconcentration within the crystalline structure of the mono-
enforce positional fluctuations of the particles in the cell,/2Y€r: €tc. The absence of significant changes #strongly
enhancing nucleation in the metastable temperature regiogUPPOts the lack of structural phase transitions in the

; - ‘ surface-frozen layer witkp.
In the absen(_:e of those gradients and nucleation si€sy Perhaps the most outstanding feature of the ST and x-ray
should remain nearly constant down to a much lower

. : . measurements is shown in FigbR ATgg, as derived from
sihce theT curve 1s nearly _parallel to thTédR_curve, which both the ST and the x-ray measurements, is found to be
is the lower limit of the region of supercooling. X

. . constant for¢>0.6, but decreases roughly linearly with
tair-:—:(;efr%r;gczﬁg r?]r;aalg%?e;q%ncjfvr;a: order&§, is ob for $<0.6 .NAS shown in the figure, the break MTSF(¢>)

occurs at¢p=0.6, exactly where the bulk undercooling

starts rising from zerdalso roughly linearly. This threshold

AS=(dy/dT)|r<r,~(dy/dT)]r-1,. @ in the behavior is clearly related to the triple point, which

exists in the phase diagram in Fig. 2¢40.6. At this point
As Fig. 3a) shows ASis practically independent @b down  a crossover occurs from an equilibrium rotator-liquid melting
to ¢=0.4, within the measurement uncertainty. The smalletine (at Tyg, for ¢>0.6) to a crystal-liquid melting lineat
AS at the lowest concentratiogs=0.39, is, most probably, T4y, for ¢<0.6), as shown in Fig. 2, and on an enlarged
due to an incomplete covering of the surface by the orderedcale in Fig. 4.

01 02 03 04 05 06 07 08 09 10
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] the liquid phase. Not surprisingly, assuming a nonzero inter-
change energyin the mean-field approximatiprdoes not
improve the results discussed below.

In the solid phase, the repulsion betwees @&nd G, is
known [15] to exceed the phase-separation limit due to the
large-chain length mismatch. Since no freezing of @curs
in our temperature rangel 30 °C) [1], and the two com-
pounds do not co-crystallize, th@hase-separatgdsolid
phase consists of pure solig{alkane[31]. The free energy
of such a solid is, of course,

T ('C)

Fs=Nf3;. 4
: od 03 06 07 08 oo 1 Equating the chemical potential of,Lin the two phases
(0] dF'1gN=9FS/ 9N yields the coexistence temperature on the
surface
FIG. 4. An enlarged part of the phase diagram in Fig. 2. Note
the crossover in the bulk from a crystal-to-liquid dissoluti@t Te= T§3+ kBT§3In ¢ (ASy3—kgIn ¢°), (5)

Tg4x) to a rotator-to-liquid dissolutiofat Tyg) at ¢=0.6. The shad-

ing shows the resultant bulk undercooling region. The linear ShapWhereTgs andASz3 are the Surface-freezing temperature and
of T and the upward curving of 4 are clearly observed. This entropy change upon surface freezing in the pusg rdelt
upcurving eventually leads to a pre-emption of the surface freezingl:ﬂ_ Equation(5) is independent of the solvent properties.
by bulk freezing, as discussed in the text. The lines are theoreticaﬂlote also thafT, in Eq. (5) is not strictly linear in Ing).

fits, based on the theory of ideal solutions. For details see the teXHowever, since&SSz3> ke In ¢, the deviation ofT, from lin-

. . earity is, in practice, rather small, as can be observed in Fig.
To account for theb dependence of, and, in particular, y P g

clarify its relation to the phase diagram of the bulk, we in- Next, we have to relate the liquid concentration at the

vo!<e the general t_hermodynam|cs of binary m"‘”@?’.ﬂ’ surface¢®, to the experimental control parameter—the liquid
using the properties of the pure components. A similar ap-

proach was used previougi$1], and shown to account well concentration in the bulkp. Invoking the equality of the
for the ¢ dependence of the t;urkd andT chemical potentials of the surface and the bulk while both
R dx- . . .
In the liquid phase , the free energy for a mixture of N~ &'¢ hduids yields
Lneol\,e\zlﬁtgnqss[rggl_egales andv moles of G, molecules can 5= oT /(1— ¢+ ¢T, ©

I N F [ s s where
F'=Nfys+Mf,+kgT[NIN(¢°) + M In(1—¢%)]. (3)

Heref!zsi—TS , Wherei =23 or 12 is the free energy of a F=exd (7122~ 72z ke T] @

C,3 or C;, molecule in a melt of the pure materi&, is its  and ;=23 or 12 are the surface tensions of the pure mate-
entropy, ance; is its internal energy. The logarithmic terms rials at a given temperature A; with i =23 or 12 denotes
account for the entropy of mixing$°=N/(N+M) is the the area per molecule in the liquid surface phase of the two
mole fraction of G; in C,, at the surface. As discussed be- pure materials. Equatiof®) is the simplest form of the well-
low, the surface fractiorp® is, in general, not equal to the known Gibbs adsorption rulgg7,38.

bulk fraction¢. Rather it is determined by the Gibbs adsorp- Calculations using Eq$6) and(7) require an estimate of
tion rule, based on the surface energies of the pure materialthe effective molecular areds , andA,; of the two constitu-

We note that the use of the mole fraction férhere is con- ents in the liquid surface phase. In bulk melts and solutions,
sistent with common practice in solution theory, and the preit is known that the conformations are given by the rotational
vious study of the bulk properties of,§£ C,, alkane mixtures isomeric state model unperturbed by neighboring molecules
[31]. In an earlier study15], the Flory mean-field approach, [41,42. The molecules hav&ans-gauchedisorder without
which uses the mass fraction fer (in the liquid phase only  significant alltrans sequences. For molecules of the chain-
was found to yield a better description for several differentlengths used here, this state does not correspond to a random
long-chain alkane mixtures than the current use of mole fraceoiled ball conformation, but rather to structures that are
tion for ¢. However, for the mixtures discussed here, nokinked, but, nevertheless, highly anisotropic. Thus, the mol-
improvement results from such a definition ¢fin the fits  ecules in the liquid have an average extension of approxi-
described below. Thus, here we prefer to use the more commately 80% of the fully extended length, which corresponds
mon practice of using mole fraction fab. It should also be to an average area molecule only 20% higher than the ap-
noted that the mean-fieldlike interchange energy (&40 proximately 20 & characteristic of the ordered phases. In
was neglected in Ed3) for simplicity, consistently with pre- the bulk liquid, there is no long-range order of the orientation
vious studieq 15,31 of long-chain alkane mixtures, where of the anisotropic molecule’s long axis. There is only short-
the deviation from nonideality was shown to be negligible inrange packing giving a broad peak @t1.35 A1 corre-
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sponding to an area of approximately 25 fer chain for the measurements discussed below indeed confirm this conclu-
local packing of chain segments. Nonlinear optics studiesion, not only for 0.6 <1, but down to the lowest con-
[43] show, that even in the liquid surface phase, the surfaceentration showing surface freezing=~0.34. However, one
molecules have finite orientation of their conformation nor-distinction exists between the bulk and surface rotators. The
mal to the surface. This may be due to a Sllght preference fogurface rotator is & phase at all tempera’[ur@]d concen-
CH; groups at the surfadd,24]. Furthermore, a broad GID  trationg studied here, which yields a linear dependencg.of
peak is observed afj~1.35 A™* at the surface in the liquid o, |n(#) [31]. By contrast, the bullR, phase converts to an
surface phasgl6]. The above suggests that the effective are&R and then to arRy, upon cooling[7]. As shown by Sirota

molecule at the surface in the liquid phase is 20-25 hﬁgt _[31] this leads to a change to lower slopes in gy ¢)
not a much larger value corresponding, e.g., to the prOJeCt'Oléurve with decreasings (and hence alsd@). A quadratic

of a lying down molecule. This value is further supported byexpression in Ing) was found to describe the measured

an intercomparison of the measured bulk and surface entropy .
) ~ "Tur(¢) well. Figure 4 clearly shows the curvadg(¢), and
changes upon freezingee the Appendjx Thus the molecu the linearT4(¢). Since the bulk freezing temperature is es-

lar area at the surface is similar in both the surface-froze%emi6IIIy identical WithT 4z, ATse=To—T; should follow

arr:d_ Ii?uid rs]urface phases, and roughly independent of thﬁ1e differenceT,— Ty, Because of the upward curving of

chain length. . L AdR- h

Assuming, thenA,,=A,s=20 A2, Eq. (7) depends only T4r @and the linearity ofTg, the gap bgtween the MO lines

on the surfa,ce tension differencg T 73, Neglecting the should decrease, and eventually vanish as they intersect, as
i 2 723 "TF indeed is observed. The deviationTafg from linearity close

weak temperature dependencejofn the liquid phase and 10 ¢=1 is small, s0 that T appglis constant w):thin the

using published valuegl4] for the pure alkanes at 30°C >
e _ . scatter of the measured points. &s and thusT, decrease,
(723=29.11 mJ/rh and y,,=24.75 mJ/f) we obtainI' the upcurving of [ becomes large and Tg starts de-

=exf —8.72x 10" 2¥kgT]. Using thisl, in Egs.(5) and(6) ; . : - >
) 2’ creasing. The intersection, and hence the vanishingief,
they can be fitted to the measurdy(¢) values, varying is expected to occur arounpl~0.2. However, the heteroge-

only AS,3. The fit result is shown in Fig. 4 in a solid line, . . ,
along with the fits of corresponding expressions, derived bxlngg;iiggcgiﬁogwejﬁcz discussed above cause a higher-

Sirota[31], for the measured bulk dissolution temperatures
Tyx andT4r. The shaded region indicates the region where
the bulk can be undercooled, bracketed by The and T4g
lines. The rather good fit to the measur&g(¢) yields
AS,3~190 J/(moleK) or~1.55 mJ/(mM K). Although this The surface-normal structure was explored by XR mea-
deviates by approximately 15% from the previous ST-surements. Figure(8 shows the FresnelRg)-normalized
measured13] 1.32 mJ/(mM K), the agreement is still good XR curveR(d,)/Re(q,) for pure Gz and ag¢=0.55 mixture
considering the uncertainties in the determination of thetriangles. Hereq,=(4m/\)sina, wherea is the incidence
liquid-phase molecular area and the approximations made iangle relative to the surface ands the wavelength of the x
the calculations. The present value also agrees well witfiays. The pure & XR curve is shown at two different tem-
those in Fig. 8) and Table I. While a more sophisticated peratures: one abov@quares and one below(circles the
theory would perhaps yield a better agreement, the discusurface-freezing temperatufig . At the higher temperature,
sion above clearly shows that a simple model, based on th8(d,)/Re(q,) decreases monotonically witfy, as is typical
theory of ideal solutions, can account reasonably well for thdor a liquid surface [33]. It is well described by
measurements of both the bulk and the surface, based on thR¢q,)/R:(q,) =exp(—q§oz), as can be observed from the fit-
same set of reasonable parameter values. An even simpl&d line. This exponentially decreasing dependence arises
model would also fit our data reasonably; neglecting therom the Gaussian-distributed interfacial roughness
Gibbs adsorption ruléi.e., setting¢°= ¢) a good fit is ob- [33,34,49. This roughness is mainly due to thermally ex-
tained with~160 J/mole or~1.3 mJ/(nm K), which coin-  cited capillary wave$46—48. Below T, modulations sud-
cides with the previously measured ST valukS]. More  denly appear in the reflectivity curve, indicating the appear-
complicated models, based, e.g., on the Flory mean-field agnce of a surface layer of a density different from that of the
proach[15], where ¢°=Nn/(Nn+Mm), with n=23 and liquid bulk. The modulations are caused by interference be-
m=12, give similar quality results. We note that if the Flory tween rays reflected from the lower and upper interfaces of
mean-field approach, which employs the mass fraction, ishe surface-frozen layer. Their period is indicative of the lay-
chosen, the Gibbs rule in Eq7) should be rewritten, as er’s thickness. Fixingj, at a value corresponding to one of
shown elsewherfl3,44], yielding a considerably more com- the modulation peaks, one can scan the temperature to study
plicated expression. the appearance of the layer. These so-calledcans are

Figure 4 demonstrates the reason for the nearly linear deshown in Fig. %c) for severalg values. The surface-freezing
crease observed in Fig(l® in the existence range of the onset upon cooling is characterized by a sharp increase in
surface-frozen layerATge. The fact that our surface- reflectivity, indicating a first-order phase transition. The in-
freezing curve T4(¢), and Sirota’s liquid-rotator transition tensity changes in the reflectivity from the surface-frozen
line Tyr( ), are almost parallel for 06¢<1, is a strong layer at each dilution are insignificant, indicating that no
indication that both bulk and surface have the same structurehanges occur in the layer structure and surface coverage
i.e., that the surface-frozen layer isRy rotator. The x-ray over the 2—3 °C range of existence of the SF effect.

B. X-ray reflectivity
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] o FIG. 6. (a) Densitiesp(¢) and (b) surface roughness values
FIG. 5. (8 The Fresnel Re)-normalized x-ray reflectivity ;) derived from the fits similar to those shown in Figa Note
curves for the samples and phases indicated. Note the differengge slight decrease in the appargntith decreasingp, probably
between the monotonic shape obtained for the liquid surface abovg,e 1o incomplete coverage of the surface by the monolayer. The
Ts and the modulated curves obtained in the surface-frozen phasgcrease ino with ¢, in (b) is due to the corresponding increase in
belowTs. (b) The electron density profiles derived from the fits t0 1o temperature, and the associated capillary-wave roughness. The
the x-ray reflectivities shown by the corresponding linegnThe |ines are fits to standard capillary-wave the¢gshed lingand the

higher-_dt_ansity surface-frozen Iaye_r is clearly obseryedT scans entropic theory of surface freezing of Tkachenko and REBIn20)
(reflectivity curves measured at a fixagvs temperaturereveal the  (olid |ing). The later provides a marginally better fit than the
onset of surface freezing as an abrupt change in the reflectivity. Thgy mer.

magnitude of the change depends on the surface roughness, the
value chosen, the temperature, etc.
were achieved, as shown by the lines in Fi¢p)5The cor-

The XR data were fitted using a layered interface modelesponding density profiles are shown in Figh)5 The
consisting of a slab of higher electron density, representingnonotonic decrease of a typical liquid is observed fgg C
the ordered (Ch),,_, chains, followed by a lower-density aboveT. The existence of a surface-frozen layer belby
depletion zone at the layer-liquid interface, corresponding tdor the pure G; and the mixture are shown as well.
the less dense GHgroups. This is the same model that was  Figure 6 summarizes the values obtained from the XR fits
successfully used previously to model the surface-frozerior all ¢ measured. The density of the (§H_, slab,p(¢),
layer of pure alkane§l3,16 and alkane mixture$l5,44]. is shown in Fig. 6a). For ¢=0.6, the density is constant at
The bulk electron density at eaeh was fixed at the value the value of the pure material. F@#<0.6 , however, the
calculated by linear interpolation between the values of purelensity seems to decrease slightly, reaching a value 4% be-
C,3(0.27 e/A%) and the pure G (0.261 e/ &) [1]. Asingle  low that of the pure & at the lowestp measured. Since the
effective roughnesso) common to all interfaces of a given x-ray results, discussed below, do not indicate any structural
sample, but varying witlp, is assumed. The (Ghi,_, layer  changes, and as the positive temperature expansion coeffi-
thicknessD(¢), its electron densityp(¢), and roughness cient should have resulted in @mcreasein the density with
o(¢), were allowed to vary in the fit. To minimize the num- decreasingl, the decrease observed is most probably due to
ber of fitting parameters, the electron dens#ly, and the incomplete coverage of the sample’s surface by the surface-
thickness 6d, of the CH, depletion layer at the liquid- frozen monolayer. A similar reduction itS was also found
monolayer interface were fixed at the values obtained foat the lowest¢, and attributed to the same effect, as dis-
pure alkaneg13], sp~0.15 e/A, 5d~2.3 A. Good fits cussed above.
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Figure Gb) shows the behavior of(T) at different bulk bl o o o] T
concentrations. The increase observedriwith ¢ is attrib- 5 49C 46C 41C
e . wn 1ol (@ PA i
uted to the corresponding increase in temperature. The caf Z
illary wave theory[46,48 predicts a square-root increase in E 08 |
the roughness withl, while according to the fluctuation- &
based entropic scenarj@0—22 a linear dependence is ex- A o6 ]
pected49]. The lines in Fig. &) show both theoretical pre- [&J
dictions. Though the shoiT range does not allow a clear 3 04 .
distinction between linear and square-rdaependencies, a
linear T dependence, predicted by the entropic scenario 02 1
(dashed lingseems to agree marginally better with the data. © i ]
The (CH,),,_» slab thicknessD (¢) was found to be con- Z 00 T T T T T r =
stant at 28.30.8 A for all ¢. D’s independence o sup- 151 152 1 153 1.54
ports the conclusion that the surface layer indeed consists ¢ q, (A"
pure G3. The value obtained fob yields a layer thickness 4 F—— T T T T T T "1 T
of D+ 6d~28.3+2.3=30.6 A. Within the+0.8 A error of amrs | i
D, this agrees very well with the calculated lengtf a fully | ]
extended G; molecule: 1=1.27x21+2.27x2~31.2 A 4.770 .
[1,13,15,19,4% 4765 | -
C. Grazing incidence diffraction °L 4760 1 ]
To probe the structure within the surface plane, grazing D 4755
incidence diffraction measurements were carried out. The in- 4750 |
plane full width at half-maximum resolution of these mea- -
surementsAq~6x10* A~*, was achieved by using Sol- 4.745 ' .
ler slits. Several typical GID scans, for different temperatures 13 40 42 i 46 48
and concentrations, are shown in Figa)7 For all samples, a T (OC)

single in-plane peak was observed cpt~1.52—1.53 A1

indicating a hexagonal packing within the surface plane, as FIG. 7. (a) Measured GID peaké&ointg of the surface-frozen
found for pure G up ton~30[13]. The peak position cor- monolayer, and Lorentzian fitdines). The shift in position with
responds to a nearest-neighbor chain separation in the sugmperature is clearly observed. The widths of the peaks yield a
face plane ofl= Zﬂl[qll cos(30°)~4.77 A for our case of coherence length for the in-plane order of at least a few thousand A.

hexagonal packing. All GID results are listed in Table II. The () The nearest-neighbor chain separation in the surface mlane
peak position decreases with temperature, indicating an inQerlved from the GID measurements for the various mlxturgs: The
decrease with temperature over an extended range allows fitting by

crease in the lattice spacing. As discussed above, the Surfag%traight line, the slope of which yields a linear thermal expansion
monolayer is pure &, and the only change that occurs Upon cqefficient of @d/dT)/d=6.5<10"*°C~L.

increasing the ¢ concentration is the depression of the

freezing temperature. These mixtures offer, therefore, @eak shifts to be resolved, are required to allow a better
unique opportunity to follow the lattice expansion over adetermination of possible changes in the expansion coeffi-
very wide temperature range, which is not accessible in theient with ¢.

pure material. The nearest-neighbor chain separation in the The area per molecule in the frozen surface layer is ob-
surface planel for the measured concentrations and temperatained from the x-ray measurements A@:szl(ﬁqﬁ)
tures are shown in Fig.(d). d varies linearly with tempera- which, over our temperature range, varies from 19.5 to
ture and its slope yields a linear expansion coefficient ofl9.8 A2. The resultant electron density of the alkyl chain,
(dd/dT)/d=6.5x10 “°C . An identical value was mea- having 8 electrons per GHyroup and a projected length of
sured for the bulkR, rotator phasd1,50|, the structure of 1.27 A along the molecular axis, can be estimated directly as
which is very similar to that of the surface-frozen monolayer.8/(19.75< 1.27)=0.319e/A3, very close to the densities ob-
Our recent high-resolution stud$1] of the expansion coef- tained from the XR fits, shown in Fig(#. Since the reflec-
ficient of the surface-frozen layer in purgfyields a similar,  tivity measurements probe the macroscopic x-ray-
though somewhat higher, value ol¢/dT)/d=(9.0=1.0) illuminated area, averaging over both ordered graksibly

X 10 #°C™1. Although the line in Fig. ®) provides a good disordered regions, while the GID probes only the ordered
description of the measured values, the data is not reliableegions, the agreement of the XR and GID derived densities
enough to rule out small slope changes with concentratioris a strong indication that the surface is completely covered
Indeed, the lower concentration data, which could be meaby the ordered monolayer, at least 6r-0.55, as mentioned
sured over a broader temperature range, seems to indicateahove.

larger expansion coefficient. Future high-resolution measure- The widths of the in-plane GID peaks are shown in Fig. 8.
ments, where the narrow diffraction peaks will allow smallerNote that for highT (also high¢) the in-plane peaks are
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TABLE Il. Grazing incidence x-ray diffraction results from measurements on the surface-frozen mono-
layer for the various & concentrations¢) and temperaturesT{. g is the peak position of the single GID
peak observed, amii:471-/(\/§qH) is the corresponding in-plane intermolecular distance.

¢ T q) d
Mole fraction (°C) (A (A)
1.0 49.1 1.518 4,779
48.4 1.520 4774
47.4 1.521 4.769
47.1 1.523 4.763
0.82 46.1 1.521 4.769
46.1 1.521 4771
45.1 1.522 4.766
44.1 1.524 4.760
0.68 42.0 1.526 4,754
41.5 1.527 4.750
41.0 1.527 4.751
0.55 38.4 1.529 4,744
38.2 1.530 4,743

resolution limited, indicating that the coherence lengths areuite general8]. Such disorder was also confirmed in the
at least several thousand A. The error bar in the individuahexagonal phase of Langmuir filni§3]. Moreover, this ef-
values is large. However, there appears to be a slight increasect is not confined to alkyl-chain molecules, and was also
in the width at lower temperatures. This is an expected effeabbserved recently in the hydrated hexagonal phase of DNA
since the hexagonal rotator phase consists of local orthd54]. The precise effect of such disorder will differ depend-
rhombic domains with the distortion oriented randomly in alling on whether the phase is three-dimensigi3al) crystal-
three directions. When the temperature is lowered in the hexine, 2D crystalline, or hexatic. While in the present case the
agonal phase, the size of the orthorhombic domains growsharp x-ray diffraction peaks clearly prove the existence of
causing a packing frustration and a decrease in the degree qfiasi-2D order in the surface-frozen monolayer, our finite
positional order in the hexagonal phase. When the transitioresolution does not allow a detailed line shape analysis,
to the orthorhombic phase occurs, positional order is agaiwhich could distinguish the mode by which the correlation
restored. This effect was first observed in mixturesafl-  function decays with distance.

kanes where the orthorhombic phase was destabilized by de-

creased interlayer interactions and the hexagonal phase had a D. Bragg rod measurements

wide temperature ranggs2]. This effect was shown to be The intensity distribution alongj, at the in-plane peak

position (q)), the so called BR’s, have been measured with a
L linear position sensitive detector placed vertically behind the
| Soller slits. The profile of a typical BR, like that shown in
- Fig. 9, is determined by the product of the molecular form
factor and the structure factor of the hexagonally packed
monolayer. The structure factor consists of lines perpendicu-
lar to the surface, while the form factor is dependent on the
molecular shape. In our case, it is symmetric with respect to
the molecular axis. The momentum transfer pardhermal

. to) the molecular axis denoted byQ, (Qy), and those par-
i . allel (normal tg the surface normaldenoted byg, (qy)), are
[ T related by

—
—_
1

—_
<
1

© b 0o o

=]
1
1

PEAK WIDTH (10° A™)

by \ . . . . i Q,=q,c0s0—qySinég, (8)
38 40 42 44 46 48

T (0)

Q)=[a;+ (a,sin 6+ qy cosd)?]*? 9)
FIG. 8. The widths of the measured grazing-incidence diffrac-

tion peaks. Note that while for high temperatu¢esich correspond

to high ¢) a resolution limited peak is obtained, with a width of Where 6 is the angle of tilt from the surface normal

0.006 A1, the width seems to increase at lower temperatures. For34,45,44 and g, (q,) are perpendiculatparalle) to the

a discussion see the text. diffracted beam’s wave vector.

031708-9



SLOUTSKIN, SIROTA, KRAACK, OCKO, AND DEUTSCH PHYSICAL REVIEW B4 031708

- T T 7 be rather weak in rotator phases, they may nevertheless be
sufficient to account for the observed difference between the
2D and 3D behavior of &. This difference merits further

attention, and similar studies on other mixtures are indicated.

1000

IV. CONCLUSION

7 We presented here x-ray and surface-tension studies of

] surface freezing in &:C;, alkane mixtures. The surface-

8 frozen layer is found to be a pure{nonolayer over the full

5 range of dilutions from¢=1 (pure G3) to ¢~0.34. This

. : ] corresponds to a- 15 °C temperature range. While the bulk

000 005 010 e 020 0 crosses over from a liquid-to-rotator transition to a liquid-to-
q,(A) crystal transition at¢p~0.6 (at T=40.5°C), the surface-

. frozen monolayer preserves its hexagonally packed rotator
FIG. 9. The Bragg rod measured at the in-plane GID peak po- 7 . .
.y ; L . _— phase over the wholé range. Its structure is identical with
sition (open circles A fit (line) to the theoretical expression in the

text indicates an extended molecule, with a tilt from the surfacethat of a bUIkR!' ,mtator phase lamella, and it serves, there-
normal of no more than 3°. fore, as an efficient bulk nucleator frogd=1 down to ¢
~0.6, a region where the higheBtequilibrium bulk solid

Multiplying the form factor by the structure factor of a phase is also a rotator phase. The match between the surface

hexagonally packed monolayer of thicknésthe intensity ~and bulk solids eliminates the nucleation barrier, and thus
distribution along the BR is given by5] prevents supercooling of the bulk liquid. Ab~0.6, the

_ highestT solid bulk phase changes from a rotator to an

sin(Q,D/2) orthorhombic crystal, a structure different from that of the

Q,D/2

INTENSITY (arb. units)

| oc
(a.) surface-frozen layer. Consequently, the surface-frozen layer

5 5 2 no longer promotes bulk nucleation. A nonzero nucleation
Xexf — (9,0 ]| T(e)|?[ T(B)]*. 10 parrier is established. This, in turn, results in a finite tem-
perature range of supercooling for the bulk, which increases
with decreasingsp. Consequently, the freezing temperature
still follows the extrapolated bulk liquid-to-rotatdryg( ¢)
freezing line, as shown by Sirof81]. A simple model based

|T(x)|2=]2 sinx/(sinx+ ycos a,—cos x)|?, (11)  on ideal solution theory accounts well for the linear depen-

dence of the surface-freezing temperatliceon In(¢). The
where « is the critical angle for total external reflection. vanishing of the surface-freezing effect at lgw< 0.3 results
When the tilt angle9 is close to zero, our resolution does not from the pre_emption of surface freezing by bulk freezing,
allow distinguishing between the surface roughness exponegkising from the intersection of the line@[ In(¢)] with the
g,0,, and the. term representing the gradual decrease of ”Fﬁ.]adratichR(cﬁ) of the bulk. The x-ray measurements pro-
electron density at the molecule’s two erfdgo,. Thus, the  yide a detailed description of the surface-frozen monolayer
two corresptz)ndlng terms are lumped into a single termgn its variation with temperature. In particular, the extended
exfl —(quoer)]. The fit of Eq. (10) to the measured BR, temperature range studied allows an accurate determination
shown in Fig. 9 as a solid line, yields an effective roughnesgy the thermal coefficient of expansion of the surface-frozen
parameteiver~4 A, and a layer thickness @=27.8 A.  |ayer, which is found to be in reasonable agreement with that
Both are very close to, and thus confirm, the values obtainegf the bulkR, phase. Further measurements on similar mix-
from the XR measurements above. The freely fitted tilt anglgyres with different chain-length combinations may reveal
is not higher than 3°, with the azimuthal angle of the tilt new surface phases and shed further light on the interplay
direction being~45°. Because of the very small tilt angle, petween the surface and bulk phase behavior and on the de-
the value of the tilt direction should not be taken too seri-tajls of the solid nucleation in the bulk from solutions and
ously. This result is also consistent with a nontilted structuremelts.
In conclusion, the x-ray measurements clearly show that

the surface-frozen monolayer is &4, rotator for the full
range of temperatures explored. By contrast, the bulk rotator ACKNOWLEDGMENTS
phase of G; traverses three different rotator phases, and
reaches an orthorhombic crystalline phase, over the same The authors thank NSLS for beamtime at X22B, and
temperature range. The difference in the phase behavior mdsiaine DiMasi(BNL) for expert assistance with the diffrac-
be due to the interlayer interactions, which are absent in thtometer. Brookhaven National Laboratory is supported by
surface-frozen monolayer, but exists in the case of the bulkhe U.S. Department of Energy under Contract No. DE-
crystal. While these interactions are generally considered t&C02-98CH10886.

2
) ex —(Qz00)°]

The surface enhancement factdi), also known as Vine-
yard peaks, for the reflection angte= 8 and the incidence
anglex= «a, are given by
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APPENDIX: COMPARING BULK AND SURFACE
ENTROPY CHANGES

Denote by~Sﬁj andA;; the entropy and areper molecule
at the surfacei=s) or in the bulk (=b) in the liquid (j

=) or the crystal {=x) phases. The effective entropy

change at the surface upon surface freezieg unit area
denoted here aAG and derived from the measuredT)
curve as the difference in the slopes below and abiaves
given as

AG=(S4/Aq—So1/Ab) — (Ssx/ Agx—Su1 1 Apy)
= (Sg1/Ag— Sex/Agy) . (A1)
Multiplying now by A,
AGAGEA(Sa/As— Sl Asxt Sail Aq—Sa /Ay
=80 St Sal (A= AsD/As ]
ASHS[(As—As)/Ag] (A2)

PHYSICAL REVIEW E 64 031708

The bulk entropy change upon freezing of;@vas mea-
sured by calorimetry to be 164(dlole K) [1,55-57, which
is ~20 kg per molecule. The surface entropy change upon
freezing, AG, was measured independently in surface-
tension measurement43] to be 1.32 mJ/(hK), which is
~1kg A2 The x-ray measurements above yiekl,
~20 A?. Thus, AGA,,~20kg, which is equal t0AT,.
This implies

AS,~ASHS [ (As— As)/Agll, (A3)

whereANSt, andAhéS are the entropy changes per molecule at
the bulk and at the surface. Making now the reasonable as-
sumption that the entropy change upon freeziegmolecule

at the surface and in the bulk are roughly the sdi@,
requires the second term in E@\3) to vanish and thus leads

to the conclusion thaf\g~Ag,~20 A2,
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